In order to develop a food chain (phytoplankton-fish) in a closed ecological recirculating aquaculture system (CERAS), unialgal cultures of Spirulina platensis were fed to tilapia Oreochromis niloticus (bodyweight; 1.59 ± 0.26 g, standard length; 3.4 ± 0.17 cm) for 9 weeks, using a commercial diet as the control treatment. Water temperature was 28 ± 0.5∞C. Juvenile tilapia grew efficiently [specific growth rate (SGR) = 3.14, feed efficiency (FE) = 1.22] and showed a high survival rate (95%) for the duration of the trial without any nutrient supplements, although the fish fed the commercial diet had a slightly higher growth rate. A proximate composition analysis showed that fish fed Spirulina had a higher protein content, a higher polar lipid content and a lower ash content than fish fed the commercial diet. The abundance of linoleic acid and g-linolenic acid (GLA) in the Spirulina was reflected in the fatty acid profile of the fish. Sn-6 highly unsaturated fatty acid (20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6), which seemed to be metabolized from linoleic acid and GLA, increased and were more pronounced in the polar lipid fraction. On the contrary, Sn-3 fatty acids, such as alinolenic acid, eicosapentaenoic acid and docosahexaenoic acid, decreased. No significant differences were observed in the mineral and essential amino acid contents in the fish at the experiment's completion, even though there were some differences between raw Spirulina and the commercial diet. The results suggest that it is feasible to construct a food chain using raw Spirulina to feed transition-stage tilapia in a CERAS.
INTRODUCTION
When humans establish permanent bases in space, it will be necessary to produce food, purify the water supply, regenerate oxygen from carbon dioxide, and process waste into usable resources using physicochemical and biological methods. A controlled ecological life support system (CELSS) is a life support system capable of performing these regenerative functions. 1 Many studies are being carried out to construct subsystems in the atmosphere, geosphere, and hydrosphere. 2 A closed ecological recirculating aquaculture system (CERAS), as a part of the model of a CELSS, has been developed for use in the hydrosphere for aquatic organisms such as phytoplankton, zooplankton and fish. 3 In the CERAS, it is intended that tilapia Oreochromis niloticus may be spawned and hatched, whereby fry, juveniles and adults are reared on plankton. Developing a phytoplankton-tilapia food chain would simplify the construction of the CERAS by reducing its size and saving energy.
Spirulina is generally regarded as a rich source of protein, vitamins, essential amino acids, minerals, essential fatty acids [e.g. g-linolenic acid (GLA)], and antioxidant pigments, such as carotenoids. 4 In addition to its good nutritional value, it is effective in its immunomodulatory and radiation protection. Moreover, Spirulina has been reported to be an effective exchanger of O 2 and CO 2 , 5 and mass production is possible under high saline-alkali conditions, ensuring a stable supply of algae in harsh environments where water availability is limited. These characteristics satisfy the special requirements of CERAS in space.
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Effect on the growth and body composition of juvenile tilapia Oreochromis niloticus fed raw Spirulina and 800-1000 mL/min, respectively. The air was not supplemented with additional carbon dioxide.
Cultures were maintained at a temperature of 30 ± 1∞C. Algal growth was measured based on dry weight (DW). When DW reached 1.0-1.5 g/L; that is, the exponential growth period, Spirulina was harvested immediately following the dark period.
Daily dilution was applied to keep the DW of the algae cultures at 0.5-0.8 g/L. To determine algal biomass, a 20 mL aliquot of algae suspension was filtered through a Millipore filter (0.45 mm; Nihon Millipore Ltd, Yonezawa, Japan), and the obtained floc was then oven-dried for 4 h at 104∞C and weighed.
Fish and feeding
Fingerling tilapia Oreochromis niloticus were obtained from pure-bred stock held at the Laboratory of Aquaculture at the Tokyo University of Fisheries. The fish were hatched in the laboratory and fed a commercial marine fish larval diet (ML400, ML800; Nippon Formula Feed MFG Co., Ltd, Kanagawa, Japan) until they were sorted for the feeding experiments. The fish were acclimated with the experimental feed (commercial extruded pellet of eel) to the new rearing conditions for 7 days. Before weighing the fish, feed was withheld for 2 days to allow the gut to empty. For the feeding trial, fish with an initial mean weight of 1.59 ± 0.26 g (initial mean standard length, 3.4 ± 0.17 mm) were divided into two dietary groups and reared for 9 weeks. Freshly harvested Spirulina concentrate was suspended in distilled water, and then dispersed into the rearing tanks. Two replicates of each dietary group were raised in 30 L plastic tanks, each containing 10 fish. Fish were fed twice a day at a daily feeding rate of 3% (on dry basis) of bodyweight at 10.00 h and 15.00 h. Fish were weighed every 3 weeks, and fasting was repeated before the weight was measured.
Rearing conditions of experiments
During the experiments, water temperature was maintained at 28 ± 0.5∞C using electric heaters. The aquaria were illuminated by overhead fluorescent lighting set on a 12 h light (07.00 h-19.00 h) : 12 h dark cycle (19.00 h-07.00 h). A flow-through system with filtered dechlorinated tap water was used, the flow rate being controlled at 200-300 mL/min. In order to prevent any loss of Spirulina, the flow was stopped during the 12 h light period. Whether Spirulina remained or not was also checked just In its natural habitat, tilapia changes its diet and feeding mode from carnivorous to omnivorous feeding at a body length of 2-3 cm, and changes again to phytoplanktivorous filter feeding at about 6-7 cm. During the latter adult stage, blue-green algae account for a significant part of their diet. [6] [7] [8] [9] [10] Little quantitative work has been carried out on feeding tilapia on unialgal populations. 8, 11 A few studies have been conducted using dry Spirulina as a supplement to diet, [12] [13] [14] and Stanley and Jones have been the only investigators to use Spirulina as the sole feed source for tilapia. 15 They fed aquarium-held Tilapia aurea (mean initial weight of 23.8 g) with compact Spirulina platensis conglomerates at a daily rate of 28 g dry weight/kg bodyweight for 28 days. However, they did not examine the diet's effect on juvenile tilapia at the so-called transition stage, which has a strong influence on the whole growth process.
In a previous study, Oreochromis niloticus juvenile (mean initial weight of 2.8 g) were fed dried Spirulina for 6 weeks at a daily feeding rate of 3% of their bodyweight. 16 These fish showed a feed efficiency of 0.92.
In the present study, early juvenile-stage tilapia were fed freshly harvested Spirulina to investigate their growth and feed conversion. The effect of raw Spirulina on the proximate composition of the experimental fish was also evaluated.
MATERIALS AND METHODS

Algae culture
Axenic stock cultures of Spirulina platensis (Gomont) geitler, strain 39, were obtained from the National Institute of Environmental Science (Ibaraki, Japan). Throughout the research period, the algae were 105-200 mm long and 6.2-8.0 mm wide.
The algae were developed using an axenic batch culture method in Zarrouk's medium 17 in 100 mL, 500 mL, and 3 L glass flasks and 10 L glass bottle reactors, under a light intensity of 3000-5000 lx (Fine lux meter FLX-1330; Custom, Tokyo, Japan) at the surface, which was provided by three 60 W fluorescent lamps. The algae were then cultivated in 50 L photobioreactors using a unialgal semicontinuous culture. The photobioreactors were made of transparent polyethylene, illuminated internally by four 40 W fluorescent lamps and externally by four 60 W fluorescent lamps. The light cycle was 16 h light : 8 h dark. Contents of flasks were stirred by a shaker (100 r.p.m.), while stirring in the 10 L and 50 L reactors was done by an air-lift system with an ambient air flow rate of 400-500 mL/min T Takeuchi et al. before water flow began. The tanks were aerated at an airflow rate of 75-100 mL/min.
Chemical analysis
The 10 initial samples and five final samples from each tank were pooled separately and then homogenized using a mincing machine and a Polytron (Kinematica, Littau, Switzerland). The experimental diets and fish body samples were subjected to chemical analysis. Proximate compositions and lipids classes were analyzed according to the methods of Takeuchi 18 and Folch et al. 19 For fatty acid profile analysis, crude lipid was saponified using 50% ethanol and 50% KOH to prepare methylesters with 7% boron trifluoride in a methanol solution (BF 3 -methanol), and the fatty acid profile was determined using gas liquid chromatography (Shimadzu GC-14A; Shimadzu, Kyoto, Japan). For mineral analysis, the samples were digested with nitric acid using an MLS-1200 Mega Microwave Digestion System (Microwave Laboratory Systems, Bergamo, Italy), and concentrations were measured using an atomic absorption spectrophotometer (Hitachi Z-5010; Hitachi, Tokyo, Japan). Phosphorus content was measured using a spectrophotometer (UV 265 FW; Shimadzu), while amino acids were determined according to the same methods as those described by Simpson et al., 20 using an amino acid autoanalyzer (Model L-8500A; Hitachi, Tokyo, Japan). Energy content was determined with an autocalculating bomb calorimeter (CA-4P; Shimadzu).
Statistical analysis
Differences between two treatments were examined using Student's t-test (P < 0.05) to compare the mean value of growth, specific growth rate (SGR), feed efficiency (FE), protein efficiency ratio (PER), retention of protein (RP), retention of lipid (RL), retention of energy (RE), and survival rate.
RESULTS
Chemical analysis of food
Proximate compositions and fatty acid profiles of the cultured Spirulina and commercial diet are shown in Tables 1 and 2 . Spirulina had a higher protein content and a lower ash content than the commercial diet (on a dry matter basis). Although there was no difference in the lipid content between the two diets, the polar lipid content of Spirulina was higher than that of the commercial diet. Spirulina also had a higher linoleic acid and GLA, and a higher Sn-6 fatty acid content than the commercial diet. Sn-3 highly unsaturated fatty acids (HUFA), such as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), were not detected in Spirulina.
Growth and feed conversion
It was observed that tilapia ingested the Spirulina vigorously, and that Spirulina were eaten up before the water flow began. The performance of those tilapia fed the test diets is summarized in Table 3 . Fish fed raw Spirulina grew from 1.59 ± 0.26 g to 11.59 ± 2.54 g during the 9-week rearing trial, with an FE of 1.22 and an SGR of 3.14. Although these indices were lower than those of fish fed the commercial diet, the fish survival rate was higher (Fig. 1) .
Chemical composition changes in juvenile tilapia
Proximate compositions and fatty acid profiles of the whole fish body, which were sampled at the start and the end of the rearing trial, are given in Tables 2 and 4 . Fish fed Spirulina had a higher protein content, higher polar lipid content, and lower ash content than fish fed the commercial diet. The abundance of linoleic acid and GLA in the Spirulina was reflected in the fatty acid profile of the fish. In addition, quantities of Sn-6 HUFA (20:3n-6, 20:4n-6, 22:4n-6, and 22:5n-6), which seemed to be metabolized from linoleic acid and GLA, increased and were more pronounced in the polar lipid fraction. Conversely, quantities of Sn-3 fatty acids, such as linolenic acid, EPA and DHA, decreased. 23 The amino acid protein contents of the experimental diets and the whole fish body are given in Table 6 . No significant difference was observed in the essential amino acid contents of the final fish body even though there is a difference between the raw Spirulina and the commercial diet.
DISCUSSION
The results of the present study indicate that juvenile tilapia at the feed transition stage grew normally by feeding solely on raw Spirulina. Even though the specific growth rate and feed efficiency of tilapia fed on Spirulina were lower than those of the control, raw Spirulina appeared to be effective The mineral contents of the experimental diets and the whole fish body are given in Table 5 . Although the contents of most elements [e.g. phosphorus (P), calcium (Ca), magnesium (Mg), sodium, copper, zinc, and manganese] were much lower in the raw Spirulina than in the commercial diet, no significant difference was observed in the final fish body. as a universal feed for early juvenile tilapia. The chemical compositions [higher protein content, higher polar lipid content, and high proportion of GLA and Sn-6 polyunsaturated fatty acids (PUFA) in polar lipid content] in Spirulina-fed tilapia reflected its high quality as a food. The survival rate of tilapia fed Spirulina was also higher than that of the control group. It was observed that cannibalism was the main reason for mortality during the juvenile stage. Cannibalism could be reduced by: (i) the presence of Spirulina in the water causing blurred visibility of the fish; (ii) the filling of Spirulina in the ingestion duct; or (iii) the decrease of vigor of tilapia.
The SGR and FE obtained in the present study (3.14 and 1.22) are higher than the values obtained in a previous report done on juvenile tilapia fed only dry Spirulina (2.72 and 0.92, respectively 16 ). One reason for these differences may be that different forms of diet were offered in these two studies. In the present study, freshly cultured and harvested Spirulina was fed to tilapia, and juveniles consumed Spirulina by filtering the fresh cells. Conversely, in the previous study, dry commercial Spirulina powder was made into pellets by using carboxy methylcellulose (1.25 g/100 g diet). These pellets were harder to mechanically digest than raw Spirulina cells; hence, the difference in the SGR and FE may also be due to a difference in the chemical composition of the diets. Spirulina used in the present study was produced in an indoor photobioreactor, and had a higher crude protein and crude lipid content (Table 1) than the commercial Spirulina powder (66.0% protein and The mineral composition of fish in the two different experimental diet treatments did not differ significantly. The contents of some major elements in raw Spirulina might meet the requirements for active growth of tilapia [e.g. P (5 mg/g) and Mg (0.4-0.7 mg/g)]. However, calcium was much lower than the requirement (7 mg/g). 25 Because fish can absorb calcium via their gills directly from the water, the calcium content in whole body of fish fed Spirulina was similar to that of fish fed the commercial diet. Furthermore, it was twice that of some other freshwater fish. 26 Taurine, an important non-essential amino acid, 27 was not detected in raw Spirulina. But taurine content was 1.11 g/100 g DW in the initial fish body and 0.96 g/100 g DW in the final fish body of those fed only raw Spirulina for 9 weeks. It seemed that juvenile tilapia had the ability to biosynthesize taurine from methionine.
In conclusion, it is feasible to construct a food chain using raw Spirulina to feed transitionstage tilapia in a CERAS. Furthermore, it may be possible to feed raw Spirulina to fry tilapia, which are known to be carnivorous, 8 because Spirulina has abundant GLA and stores glycogen instead of starch as its photosynthetic stock nutrient. 21 Further studies are necessary to investigate the effects of longer-term feeding, and the reproduction and flesh quality of tilapia fed only raw Spirulina.
8.2% lipid 16 ). Spirulina cells store more lipid during the dark period 21 and produce more protein under higher temperature conditions, especially if they are subjected to heat stress. 22 It is estimated that the raw Spirulina contained 22.7 kJ/g (dry matter basis), whereas the dry Spirulina powder contained 21.5 kJ/g according to the following equivalents: 23.4 kJ/g protein, 38.5 kJ/g lipid, and 17.2 kJ/g carbohydrates. 23 The results of the present study are also superior to those results reported previously by Stanley and Jones. 15 In their feeding trial, aquarium-held Tilapia aurea (mean initial weight 23.8 g) were fed raw Spirulina floc at a daily rate of 28 g DW/kg bodyweight for 28 days with a daily growth of 14 g/kg bodyweight and a food conversion ratio of 2.0. The differences between the two studies may be due to the difference in species, as well as the difference in developmental stages of the experimental fish used. Kesamaru and Miyazono observed reduced growth in young O. niloticus when one-third of white fishmeal protein was replaced by Spirulina powder (14.9% of the total diet). 13 A lower protein efficiency ratio and protein retention were also observed in the present study, which may indicate that juveniles were able to take the raw Spirulina but could not assimilate it completely. Further research on the digestibility of raw Spirulina is needed.
The initial and final proximate body compositions and the lipid profiles of juvenile tilapia fed raw Spirulina showed that their chemical contents changed to reflect more closely the contents of raw Spirulina. Considering that the essential fatty acids (EFA) of tilapia are Sn-6 fatty acids, and the requirement for EFA in the diet is 0.5-1%, 24 it is estimated that the content of EFA in raw Spirulina might meet the requirements for tilapia growth. 
